Correlated micro-photoluminescence and electron microscopy studies of the same individualheterostructured semiconductor nanowires J Todorovic, A F Moses, T Karlberg et al. Abstract. Synthesis and application of semiconductor nanowires (NWs) require detailed understanding of their structures. Transmission electron microscopy (TEM) has proven to be the most used structural characterisation tool for these nanostructures. For the characterisation of more complex heterostructured NWs, in this study axial (i.e. with "insert") or radial (i.e. "core-shell") III-V NWs, we use dark field TEM and high angle annular dark field scanning TEM (HAADF-STEM) as imaging modes. For the GaAs/GaAsSb/GaAs axial heterostructured NWs, dark field TEM exploits the structural difference between wurtzite GaAs NW and zinc blende GaAsSb insert, resulting in an excellent contrast between the GaAs part and the GaAsSb insert of the NW. In addition, twins, stacking faults and polytypes of the GaAs phase can easily be identified. For the radial GaAs/AlGaAs core-shell NWs where both core and shell have the wurtzite structure, HAADF-STEM is found to be a very useful technique.
Introduction
There has been significant progress in fabricating semiconductor nanowire (NW) structures for nanophotonic and nano-electronic devices. III-V NWs have attracted much attention as these have very interesting opto-electric properties. Recently, it has been shown that the band-alignment within a NW can be tailored by varying its crystal phase [1] as the bandgap energy and band offsets are different for different crystal phases [2] .
III-V NWs can be grown by a range of different chemical and physical deposition techniques. Molecular beam epitaxy (MBE) has an advantage over other techniques due to the ability to control growth of materials with near-atomic precision and the flexibility for the growth of complex device structures like quantum cascade lasers. Using MBE, NW heterostructures can be synthesised in which the material composition is changed either in axial or radial direction. In addition, the crystal phase in these NWs can be changed from wurtzite (WZ) to zinc blende (ZB) via partially substituting the group V-element. This design opportunity raises the need for routine techniques to characterise the NW heterostructures to optimise the growth and improve the understanding of the measured properties.
Conventional transmission electron microscopy (TEM) techniques, mainly bright field (BF), high resolution TEM (HRTEM) and electron diffraction, are the most applied structural characterisation tools for these NWs. These techniques offer the required resolution to determine the NW-orientation and lattice defects such as stacking faults and twins. However, BF TEM has a low contrast and To determine for which NW heterostructures DF techniques would be advantageous, we compared DF TEM and HAADF-STEM to conventional TEM techniques. Here, two different III-V NW heterostructures are studied: axial GaAs(WZ)/GaAsSb(ZB)/GaAs(WZ) (NWs with "insert") and radial GaAs(WZ)/AlGaAs(WZ) ("core-shell" NWs).
Experimental
The GaAs/GaAsSb/GaAs axial NWs were grown in a Varian Gen II Modular MBE system equipped with a Veeco Ga dual filament cell, and Veeco Sb and As valved cracker cells. An electron-beam evaporation system was used for depositing an approximately 1 nm thick Au film on a GaAs buffer layer previously grown on a GaAs(111)B substrate. The sample was then re-loaded into the MBE system for the NW growth. An As 4 flux of 6×10
-6 Torr and a substrate temperature of 540 °C were used for the GaAs NW growth. The GaAsSb insert was grown after 20 min of GaAs NW growth, followed by 5 min of GaAs NW growth.
The GaAs/AlGaAs core-shell NWs were grown on GaAs(111)B substrates by a Riber 32 MBE system, equipped with solid sources for Ga and Al and an As cracker source. A ~1 nm thick Au film was deposited under As 4 flux of 6×10
-6 Torr at 550 °C using a Au effusion cell installed in the MBE growth chamber. The GaAs NW core was grown for 20 min, directly followed by the AlGaAs shell growth by opening the Al shutter. More growth details can be found elsewhere [3, 4] .
The NWs were scraped off from the substrate, dispersed in ethanol and transferred to a Cu grid with a lacey or full carbon film. The NWs were analyzed in a Philips CM30 TEM (BF/DF TEM, recorded on film or a 1K Tietz CCD), a JEOL 2010F (S)TEM (HAADF-STEM, 0.2 nm or 1 nm probe size, Cs =1 mm) and a JEOL 2200FS with Cs probe corrector (HAADF-STEM, 0.1 nm probe size), all operating at 200 kV. HRTEM and electron diffraction results are given elsewhere [3, 4] . Fig. 1 shows BF and DF TEM images of a GaAs/GaAsSb/GaAs axial heterostructured NW. The structure consists of five different regions: a defect-free WZ GaAs at the base, a ZB GaAsSb insert, a small ZB region twinned relative to the insert, a region with GaAs 4H polytype, and WZ GaAs with stacking faults (see Fig. 1(e) ). These regions were observed in all studied NWs and the phases were confirmed by HRTEM and electron diffraction. In the BF ( Fig. 1(a) ) these regions are not distinguishable, whereas in the DF the WZ and ZB regions can be visualised selectively. From the DF series, the structural variation along the NW can be deduced easily ( Fig. 1(b) -(e)). After growth of the GaAsSb insert, the GaAs WZ is not stabilised directly as it is for the growth of the GaAs WZ base [3] . This results in the formation of GaAs 4H polytype region and GaAs WZ with stacking faults. In all these NWs studied by DF TEM, a twin at the top of the insert was found (Fig. 1) . Several NWs had also a twin at the lower boundary between GaAs WZ barrier and GaAsSb ZB insert [3] . In addition, DF TEM is an interesting technique to observe multiple inserts in NWs.
Results and discussion
The good contrast of DF TEM was used to study the effect of Sb flux on the formation of twins in GaAsSb ZB phase. The tendency for twinning of the ZB structure is reduced with increasing Sb flux. The average twin length for the GaAsSb phase with a ~80 nm diameter is 12 nm for an Sb flux of 2 × 10 -7 Torr and 38 nm for 4 × 10 -7 Torr. GaAsSb phase grown with an Sb flux of 8 × 10 -7 Torr had only a few twin boundaries along their total length (1-1.5 μm). The insert depicted in Fig. 1 is grown with an Sb flux of 6 × 10 -7 Torr. Slightly off-zone BF TEM images can have a clear contrast between the two different ZB orientations, but still less than in DF TEM. An uneven illumination and especially NW bending can cause contrast variation not associated with the twinning. This last problem can be avoided by using a full carbon film instead of a holey or lacey carbon film, as this reduces the bending of NWs. These axial NW heterostructures are also studied by HAADF-STEM. The change from WZ to ZB is induced by incorporating Sb on some As lattice positions. However, Z-contrast is not the dominant contrast between the GaAs NW barrier and the GaAsSb NW insert (Fig. 2(a) ). The main contrast is caused by the difference in the crystal lattice. The channeling conditions of the accelerated electrons are different for GaAs WZ and GaAsSb ZB regions. The specimen thickness is constant and the contrast is not the result of a misorientation or strain effects at the lower interface. Z-contrast can be present within one crystal phase. For example in Fig. 2(a) a strong variation in Z-contrast can be seen. The Sb content is increasing from the lower GaAs/GaAsSb boundary over several nm until it reaches a fixed value. Towards the top GaAs/GaAsSb boundary, the Sb concentration seems to be decreasing, which could cause the GaAsSb ZB crystal phase to form a twin (similar as at T2 in Fig. 1(e) ). In the HAADF-STEM of Fig. 2(a) a twin in the insert is distinguishable due to a slight misorientation at T2.
The HAADF contrast and resolution can be improved by using a smaller probe in a Cs-corrected STEM. An example from an other batch of axially heterostructured NWs is shown in Fig. 2(b) . These wires were grown under a lower Sb flux (2 × 10 -7 Torr), hence the twinning frequency is higher. In the lattice image the atomically flat interface between WZ GaAs NW barrier and ZB GaAsSb NW insert, and the twin boundaries in the GaAsSb insert, can easily be spotted. In addition, variations in intensity of the atom columns are present due to Sb incorporation, but these need to be further analysed. Cscorrected HAADF-STEM might be the most powerful imaging and analytical TEM technique to visualise the variation in composition and crystal phase of NWs. However, as in HRTEM, the field of view is limited, the NWs have to be oriented precisely on zone, and due to costs, Cs-corrected STEM is not a viable routine characterisation technique for optimising heterostructure NW growth.
In radial GaAs/AlGaAs core-shell heterostructures, the AlGaAs shell copies the wurtzite crystal phase of the GaAs core, hence conventional DF TEM will not distinguish core from shell. BF TEM of randomly oriented NWs (Fig. 3(a) ), depicts strong diffraction contrast effects, for example caused by variation in NW orientation or stacking faults. HRTEM depicts a weak and diffuse contrast between core and shell [4] . However, in HAADF-STEM (Fig. 3(b,c) ) the core-shell structure can easily be recognised, for example in Fig. 3(b) comparing wire #1 (no core-shell in this part of the NW) and wire #2 (core-shell). The core-shell structure can also be seen in wires #3 and #4, even when their relative orientation is different. This is an important remark, as tilting very thin NWs on zone for BF, DF and HRTEM imaging is very tedious. The here measured NW core diameter is consistent with the diameter of NWs before shell growth as measured by scanning electron microscopy (SEM) and TEM. SEM studies showed that during the growth of the AlGaAs shell, there is also substantial axial growth beside radial shell growth [4] . Hence, the GaAs NW core ends somewhere within the whole core-shell NW. From these HAADF images, these ends can directly be found (e.g. in wire #4 just left of the crossing with wire #3 no core-shell contrast is observed, whereas to the right of this crossing, a core-shell contrast is clearly seen). At this GaAs NW core end point, a band of stacking faults is formed, which is observed best in BF TEM and HRTEM. In HAADF, diffraction contrast from this band with stacking faults is weakly visible and depends on the relative orientation of the NW. 
Conclusions
Heterostructured, axial (with "insert") or radial ("core-shell"), III-V semiconductor NWs have been studied by dark field TEM and HAADF-STEM. Dark field imaging proves to be a very powerful technique to enlighten the structural difference between the elements of the heterostructured NW. This is demonstrated for GaAs(WZ)/ GaAsSb(ZB)/ GaAs(WZ) axial heterostructured NWs grown by Auassisted MBE. In addition, different crystal configurations in NWs, such as twins, stacking faults and GaAs 4H polytype regions, could be visualised by dark field TEM imaging, even at relatively low magnification. For radial GaAs/AlGaAs core-shell NWs, both core and shell have the WZ crystal phase. For these NWs, HAADF-STEM has proven to be a more practical characterisation technique than bright or dark field TEM.
